Taxonomic relationships between various species of Bacillus were studied, using 52 test strains of 8 species, by deoxyribonucleic acid (DNA)-DNA hybridization and by testing transformability of the auxotrophic and antibiotic resistance genetic markers. Results for species identification by the conventional taxonomic method described in Bergey's Manual (8th ed., 1974) showed good agreement with the DNA-DNA hybridization data for B. licheniformis (16 strains), B. pumilus (one strain), B. coagulans (three strains), B. megateriurn (three strains), B. cereus (one strain), and B. breuis (one strain). However, data for 16 of 27 test strains of B. subtilis and related species indicated lower homology indexes (20 to 25%) t o the Marburg strain. Transformation of the auxotrophic markers to the wild type in the Marburg strain by DNA prepared from those strains showing lower homology to the Marburg strain was not detected, whereas the antibiotic resistance markers were transformed with the same DNA preparation. Transformation of the antibiotic resistance markers to the Marburg strain by DNA prepared from some strains of species other than B. subtilis, e.g., B. licheniforrnis and B. purnilus, was also detected, whereas transformation of the auxotrophic markers was not. These results strongly suggest that these two groups of B. subtilis should be divided into two different species. However, evidence suggesting the existence of a core region of DNA among a wide variety of species of Bacillus was presented.
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The genetic backgrounds and methods of genetic exchange of a wide variety of Bacillus species, important microorganisms in the fermentation industry, are not fully understood, except for the Marburg strains, a restricted group of strains belonging to B. subtilis, in which genetic recombination by transformation is possible. However, it has been claimed by Welker and Campbell (27, 28) that several strains of B. subtilis used in the commercial production of a-amylase belong to a group distinctly different from the Marburg strain. Among species of Bacillus, including these two types of B. subtilis, no close homogeneity was detected in the base sequence of deoxyribonucleic acid (DNA) by DNA-DNA hybridization (19, 26) . On the other hand, there is some evidence suggesting the existence of a core region(s) of DNA coding for 4S, 16S, and 23s ribonucleic acid (RNA) molecules and ribosomal proteins based on DNA-RNA hybridization (8, 9) and the transformability of resistance markers for some antibiotics (9, 10, 13) .
In this communication, taxonomic relationships between various species of Bacillus are ously on this plate were picked up, and it was confirmed that they were able to grow on Spizizen minimum medium provided it contained 2 pg of thymine per ml.
Media and growth conditions for cells in the preparation of DNA. Cells were grown at 37 C in nutrient broth (Difco) or Penassay broth (Difco), except for those of B. cougulans. For cultivation of B.
coagulans, nutrient medium composed of polypeptone (Digo Eiyo; l%), yeast extract (Oriental Yeast; 1951, and glucose (l%), pH 7.0, was used for cultivation at 48 C. Cells were harvested by centrifugation from culture in the early stationary phase (5 to 10 h of cultivation, depending on the strain, medium, and inoculum size), and were washed twice with l x SSC (0.15 M NaCl and 0.015 M trisodium citrate, pH 7.0) and once with saline-EDTA (0.15 M NaCl and 0.1 M ethylenediamine tetraacetic acid, pH 8.4). Cells were resuspended in a small amount of saline-EDTA, and DNA was extracted.
Tritium-labeled DNA was prepared from the thymine-requiring mutant cultivated in Spizizen minimum medium containing 1% Casamino Acids (Difco), 2 pg of [3H]thymine or -thymidine per ml (1.25 pCi of [rnethyL3H]thymine or -thymidine per pg; The Radiochemical Centre Ltd., Amersham, England), and 200 pg of L-tryptophan per ml, if required. Since cells of B . subtilis strain KA-63 agglutinated in the above medium, 1% of the polypeptone was replaced with Casamino Acids. It was confirmed that virtually no radioactivity was incorporated into RNA by this labeling method.
Preparation of DNA. DNA was prepared by the method of Marmur (18) . RNA in the crude DNA solution was digested at 37 C for 30 min by the addition of 50 pg of crystalline pancreatic ribonuclease per ml (Sigma), of which the deoxyribonuclease had been inactivated by heating at 80 C for 10 min. For further purification, DNA was precipitated with isopropyl alcohol in the presence of 0.3 M sodium acetate. The specific radioactivity of purified sHlabeled DNA thus obtained was about 40,000 counts/ min per pg of DNA. The purified DNA preparation was still contaminated with about 10% RNA determined by the orcinol reaction (21), but protein was not detected by the method of Lowry et al. (17) . The amount of DNA was determined by the method of Burton (4), using 2-deoxyadenosine monophosphate as standard. For determination of the DNA radioactivity in solution, DNA (less than 25 pg) in an appropriate amount of sample was precipitated by the addition of cold trichloroacetic acid in a final concentration of 5%. The precipitated DNA was collected on a membrane filter (25 mm in diameter) and washed with 10 ml of cold acid (5%); the filter was dried in a vacuum (<20 torr) oven at 80 C for 30 min, and its radioactivity was measured. Transformation was performed by using the DNA preparation without the ribonuclease treatment.
Preparation of DNA filter. The DNA filter was prepared according to the method of Gillespie and Spiegelman (12) with partial modification. One milliliter of DNA solution containing 25 pg of DNA in l x SSC was denatured by adding 1 ml of 0.3 M NaOH solution and allowing it to stand for 10 min at room temperature; pH was neutralized with 1 M HC1. Denatured DNA solution was adjusted to 6 x SSC by the addition of an appropriate amount of lox SSC and passed at moderate speed (about 3 ml/min) through a nitrocellulose membrane filter (25 mm in diameter, 0.45-pm pore size; Sartorius Membranfilter GMBH, West Germany) that had been presoaked in 6 x SSC. The DNA filter was subsequently dried for 2 h at room temperature and for 2 h in a VOL. 25, 1975 TAXONOMIC washed in 5 ml of 3 mM tris(hydroxymethy1)-aminomethane-hydrochloride buffer (pH 9.0). Each side of the filter was subsequently rinsed with this buffer and was washed again with 10 ml of the same buffer by filtration. The washed filter was dried in a vacuum oven at 80 C and placed in 10 ml of scintillation fluid containing 5 g of 2,5-diphenyloxazole per liter of toluene. The amount of input DNA bound to the disk DNA was estimated by counting the radioactivity of the membrane filter, using a liquid scintillation counter (Beckman model LS-250). The DNA homology was represented as the homology index, i.e., the percentage of input DNA bound to a certain disk DNA relative to the homologous reaction. Since nonspecific binding of input DNA onto a filter was less than 0.5% of the total input DNA, it was not necessary to preincubate the DNA filter in Denhardt medium (7).
Dissociation of hybrid DNA. To obtain the thermal dissociation profile, a DNA-DNA hybrid was formed on a membrane filter as described above except that 2.5 instead of 0.5 pg of SH-labeled input DNA per ml of annealing mixture was used. The filter on which the hybrid duplex was formed was incubated with 1.5 ml of 6 x SSC-formamide (50%) at a particular temperature for 10 min. DNA eluted from the filter was collected on a filter after precipitation with trichloroacetic acid, and the radioactivity was counted by the same method used for determining the radioactivity of DNA in a solution. The DNA filter was further incubated in the same way with a new batch of 6 x SSC-formamide (50%) at higher temperature. For the secondary hybridization experiment, the DNA sample was prepared by dissociation of the DNA hybrid duplex on disk DNA by incubating in 1.5 ml of 6 x SSC-formamide (50%) at 70 C for 10 rnin and rapidly cooling in an ice bath. The secondary hybridization was performed by adding a portion (1.0 ml) of this DNA solution as input DNA in a subsequent filter hybridization.
Transformation. Competent cells were obtained by the method of Anagnostopoulos and Spizizen (1).
Transformation was performed by incubating 0.5 ml of donor DNA solution containing 5 pg of DNA per ml in l x SSC with 4 ml of a culture of competent cells (containing 0.5 x lo8 to 1.0 x lo8 cells per ml) for 15 min a t 37 C and then adding 0.5 ml of deoxyribonuclease (250 pg/ml; Sigma) and incubating for 30 min a t 37 C. In the case of transformation for resistant traits against streptomycin and erythromycin, recipient cells incubated with DNA were incubated at 37 C for an additional 2 h after deoxyribonuclease treatment to allow phenotypic expression of the transformants. Transformants were detected by spreading the reaction mixture, appropriately diluted or condensed, on test media composed of Spizizen minimum medium supplemented with nutrients (20 pg each of amino acids and 10 pg of adenine per ml. if required) for the auxotrophic markers and on meat extract-peptone medium (meat extract [Waco Pure Chemical Co.
Ltd.], 1%; polypeptone, 1%; NaCl, 0.2%; pH 7.0) supplemented with 1 mg of streptomycin per ml or 1.0 or 0.2 pg of erythromycin per ml for testing resistance to these antibiotics.
RESULTS

Establishment of hybridization procedure.
The effect of input DNA concentration on the formation of the hybrid DNA duplex with a constant amount (25 pg) of disk DNA was tested in 1 ml of 6 x SSC-formamide (50%) by annealing at.37 C for 23 h with the homologous combination of DNA extracted from B. subtilis strain 168 for both disk and 3H-labeled input DNAs. The results clearly indicated that the amount of input DNA hybridized with the disk DNA was directly proportional to the amount of input DNA in the concentration range of 0.025 to 5 pg per ml (Fig. 1) . It was observed, however, that the percentage of input DNA hybridized with the disk DNA was strictly constant (approximately 48% in the case of homologous combination with DNA of strain 168).
The homology indexes of DNA were also determined by using a constant amount (0.5 pg) of input DNA prepared from B. subtilis strain 168 and various amounts of disk DNA from three strains of B. subtilis (168, OUT 8111, and KA-63) and strain I F 0 3886 of B. coagulans.
The amount of input DNA bound to disk DNA was significantly increased by increasing the amount of disk DNA ( Fig. 2A) . However, the homology index between certain combinations of DNAs was unrelated to the amount of disk DNA and showed a strictly constant value from 10 to 100 pg of DNA per filter, taking the amount of input DNA hybridized with the disk DNA in homologous combination of DNA of strain 168 as 100% (Fig. 2B) .
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The effect of incubation period on the amount of binding of input DNA was studied by incubating 25 pg of disk DNA and 0.5 pg of input DNA at 37 C in 1 ml of 6x SSC-formamide (50%) medium. Results showed only a slight increase in the homology indexes due to prolonged incubation in the heterologous combination of DNAs, whereas the amounts of duplex formation were significantly affected (Fig. 3) conditions consisting of the DNA filter prefixed with 25 pg of nonlabeled DNA (disk DNA), 0.5 pg of 3H-labeled DNA (input DNA) in 1 ml of 6 x SSC-formamide (50%), and incubation at 37 C for 22.5 h with gentle shaking were selected as the standard procedure in determining the homology index. Table 2 . The homology indexes had essentially the same values by reciprocal determinations in all the possible combinations of strains. The amount of input DNA hybridized with disk DNA in homologous combination showed virtually the same value in independent experiments and ranged between 45 and 60% of the total input DNA, depending on the strain.
Among the different strains of B. subtilis, the DNA homology indexes fell roughly into two groups, one which showed higher (60 to 100%), and the other lower (about 20%) homology to the DNA prepared from strain 168. This classification gave good agreement with data obtained (27) , and the characteristic difference in its a-amylase (28) , in addition to some physiological and biochemical differences in cultures of these strains (27) . The data on the DNA homology among these strains ( Table 2) clearly support the same conclusion. However, it was inferred that the group of strains of B. subtilis, including B. subtilis subsp. amyloliquefaciens and the others that are distinct from the Marburg strain, might have a closer homogeneity to the Marburg strain than to the other species of Bacillus so far examined.
Two strains of B. subtilis, B. subtilis subsp. niger strain OUT 8111 and B. subtilis subsp. attrimus strain I F 0 3214, were found to be of the same group as the Marburg strain since they showed 78 and 96% homology to strain 168, respectively. Close homogeneity was inferred between B. subtilis strains IF0 12210 and 168 since they showed 100% homology; this result was expected since both of them are Marburg strains. It is noteworthy that the homology index of B. subtilis strain IF0 3134 (ATCC 6633) to strain 168 was 70%. This observation was in accord with the data of Lovett and Young (16) but not consistent with those of Dubnau et al. (9) , since they observed lower homology between the strains (15%).
Among ten strains of B. subtilis newly.isolated from soil, two strains, S237 and S239, were closely related to strain 168 (94 and 96% DNA homology, respectively), whereas the other eight strains were related to strain KA-63 (65 to 88%). However, strain S239 was found to differ from the standard description of B. subtilis in Bergey's Manual (22) in that it did not produce acid from mannitol or xylose. Among the strains showing close similarity to strain KA-63 in their DNA homology, strains S234 and S242 did not produce acid from xylose or arabinose. These two strains were different in that strain S242 produced acid from lactose without gas production whereas strain S234 did not.
Two strains of B. licheniforrnis, IF0 12107 and S207, were used as reference strains for preparation of 3H-labeled input DNA. These two strains should be the same species according to the close similarity in their DNA homology and the standard description of the species (11, 22) by conventional taxonomic studies. It was found that the DNA homology between them was approximately 80% (76 and 83% in reciprocated combination) .The homology indexes of DNA among 16 strains of B. licheniformis, 7 strains from the authentic culture collections (IFO) and 9 strains from soil, ranged from 61 to loo%, and no significant differences were found by using two input DNAs from the above-mentioned reference strains. Thus, the DNA hybridization data also indicated that all of them should be placed in the same species, i.e., B. licheniforrnis. Among them, strains S212, S240, and S244 showed essentially 100% of DNA homology with strain S207. These four strains showed the same morphological and physiological characteristics and corresponded showed the lowest degree of homogeneity to the above reference strains. E. coli K-12 showed significantly lower homology indexes (1 to 2%) to any reference strains of Bacillus.
Thermal dissociation profile of hybrid DNA. Thermal dissociation profiles of hybrid DNA duplexes formed between homologous or heterologous DNAs are shown in Fig. 4 . The DNA duplexes of lower homology were more unstable to heat than those of higher homology.
The thermal elution midpoint, T,, of the homologous DNA hybrid of B. subtilis strain 168 was about 60 C in 6 x SSC-formamide (50%), and that of the heterologous duplex between B. subtilis strain W23 (input DNA) and strain 168 (disk DNA) was 4 C lower than that of the homologous duplex of strain 168. The T , of the heterologous duplex formed between the DNA of B. subtilis strain KA-63 (input DNA) and disk DNA of strain 168 (homology index of 21%) was even lower, 49 C. The heterologous duplex between the input DNA of B. licheniformis strain I F 0 12107 and the disk DNA of strain 168 (homology index of 8%) had a slightly lower T , value (47 C) than the hybrid duplex of strains KA-63 and 168. Thus it appears that the homology region of a hybrid DNA duplex with lower homology may include more unpaired base sequences than that having higher homology. In these experiments, the DNA recovered by heating to 80 C was more than 95% hybrid DNA, and DNA released from the disk DNA was about 3% by each heating at higher than 55 C for 10 min.
Common DNA fragment among the species. Almost the same low homology indexes (approximately 10%) were found between DNA of B. licheniformis strain I F 0 12107 and the DNA from either strains 168 or KA-63 of B. subtilis, whereas a low (21 to 23%) homology index was observed between the DNA from strains 168 and KA-63. To compare the common DNA regions of hybrid duplexes in these combinations, the hybrid DNA duplexes were subjected to further homology tests. The DNA duplex formed on the membrane filter in either homologous or heterologous combinat ion was dissociated by heating (70 C) and rapid cooling of the filter in 1.5 ml of 6 x SSC-formamide (50%). A portion (1.0 ml) of the DNA solution obtained by this treatment was used as input DNA for the secondary hybridization with the appropriate disk DNAs. By this heating, release of input DNA prefixed on the disk DNA was more than 95%. On the other hand, released disk DNA was about 3%, which corresponds to 0.75 pg and is a much greater amount than that of released input DNA. However, no interference was observed in the secondary hybridization of the DNA solution because the amount of disk DNA in the secondary hybridization is enough (25 pg per disk) to avoid inhibition by the released disk DNA. The SH-labeled DNA fragment originating from B. subtilis strain 168 and eluted from the primary duplex formed with the disk DNA of B. subtilis strain KA-63 (168/KA-63 fragment), and a similar DNA fragment of strain 168 from the disk DNA of B. licheniformis strain I F 0 12107 (168/IFO 12107 fragment), were used as input DNA in the secondary hybridization with various kinds of DNA filters. The 168/IFO 12107 fragment showed 60 and 47% homologies to the disk DNA prepared from strains KA-63 and I F 0 12107, respectively ( Table 3) . The 168/KA-63 fragment also showed higher homologies to these disk DNAs (55 and 2696, respectively). Significant increments of DNA binding were always observed in a similar experiment using disk DNAs prepared from other strains, including those of B. rnegaterium, B. Table 2 . Numbers indicate the percentage of input DNA bound to a certain disk DNA relative to that bound to the disk DNA of strain 168.
coagularzs, and E. coli. On the other hand, virtually no increment was observed in secondary hybridization between the 168/168 fragment, the fragment from the homologous duplex of DNAs from strain 168, and the various disk DNAs described above. Since the radioactivity was not incorporated into RNA during the DNA labeling, the increment of the bound radioactivity in the secondary hybridization should have been due to the DNA binding and not to the binding of contaminating RNA of any form. These results (Table 3) agree well with the idea of the common region(s) of DNA, the conserved core, and suggest that the region might occur in a wide variety of Bacillus species and also in E. coli, whereas the homogeneities of DNA sequences among them are higher or lower depending on the species (Fig. 4) .
Interstrain and interspecific transformation. The transformability of several auxotrophic genetic markers and of streptomycinand erythromycin-resistant traits of DNA preparations isolated from various Bacillus species were tested by using two Marburg strains of B. subtilis, 1-18 (hisB2) and LMAH (leuA8 metB5 purA16 hkA) , as the recipients. The DNA preparations extracted from B. subtilis strain W23 and B. subtilis subsp. niger strain OUT 8111, which showed 78% homology to the DNA of strain 168 (Table 2) , transformed the leucine, methionine, histidine, and adenine markers to the prototrophs in strains 1-18 and LMAH. But no prototrophic transformant was recovered from the same recipient strains with the DNA samples prepared from three strains of B. subtilis, KA-63, IAM 1523, and OUT 8110 ( Table 4) . On the other hand, when DNA samples prepared from the Str' and/or EryR mutants derived from strains of the KA-63 group of B. subtilis were used in transformation of strain 1-18 (sensitive to both antibiotics), a significant frequency of resistant transformants was recovered (Table 5) 12107 and I F 0 12195, respectively, showed low but significant transformation of strain 1-18 with respect to the Str' trait, whereas no significant EryR transformant appeared on the test plate containing 1 pg of erythromycin per ml. On the other hand, the DNA from one of these strains, IF0 12195 Str' Ery', produced a low but significant frequency of Ery' transformants on a test plate containing 0.2 pg of erythromycin per ml (Table 5) .
When DNA samples of the mutant strains of B. subtilis resistant to both streptomycin and erythromycin were used for transformation of strain 1-18, the Str' transformants were selected on the medium supplemented with 1 mg of streptomycin per ml. Several colonies appearing on the plate were transferred to the same medium containing erythromycin (1 pg/ ml) instead of streptomycin. The results indicated that a significant number of StrR transformants were Ery' cotransformants (experiment no. 1 in Table 6 ). Two double mutants of other hand, no EryS transformants appeared in a similar experiment using the DNA from the StrH Ery' mutant of I F 0 12195 with strain 1-18/KA-63 EryR as the recipient on test medium containing 0.2 pg of erythromycin, whereas a significant number of colonies (53%) became sensitive on test medium containing 1 p g of the same antibiotic (experiment no. 3 in Table 6 ). These facts suggest that there might be two mutation sites related to the EryK trait. According to this speculation, one of the Ery markers that occurred in the Str HEry smutant of B. licheniformis strain IF0 12107 seems to be unlinked to that of StrK. Another site for E r p mutation occurring in B. subtilis strain KA-63 and transformed to strain 1-18 to make the 1-18/KA-63 EryH strain would be linked to the locus for the StrH mutation. Alternatively, it is possible that the difference in cotransformability of the antibiotic resistance markers among these species is attributable to an unknown physiological difference in the action of erythromycin on these species. The cotransformability of these antibiotic resistance markers also appeared in the transformation of DNA from B. pumilus to strain 1-18/KA-63 EryH (Table 6 ).
DISCUSSION
High DNA homologies have been reported in the interspecific and even the intergeneric DNA-DNA hybridization in Entero bacteriaceae by Falkow et al. (2, 3, 5) . According to these authors, the homology indexes between different strains of E. coli and between several species of Shigella, Salmonella, and Alkalescens-Dispar and E. coli were from 100 to 36%, more than 70, 45, and 88%, respectively, measured by the hydroxapatite binding method. De Ley et al. (6) also reported high homology indexes in Pseudomonas (100 to 55%), except two strains which showed low homology indexes (5%), and Xanthomonas (100 to 54%) by interspecific DNA-DNA hybridization.
In comparison with these microorganisms, Bacillus has rather lower interspecific DNA homology indexes (Table 2) . Similar lower homologies of DNA were also observed between some strains of B. subtilis. According to the DNA homology index data, we divided them into two groups. One of them, whose homology index to the Marburg strain was above 70%, transformed auxotrophic markers widely dispersed on the chromosome and antibiotic resistance markers to the Marburg strains, LMAH and 1-18. The other group of strains in B. subtilis, e.g., KA-63, having DNA homology to the DNA of strain 168 of 20 to 25%, did not transform auxotrophic markers to wild in strain 1-18 but did transform antibiotic resistance markers to a lesser degree compared with the homologous reaction with the Marburg strains, Similar transformation of antibiotic resistance markers to the Marburg strain was observed with the DNA samples prepared from strains of B. licheniformis and B. pumilus, these strains having 8 to 15% and 7% DNA homologies to the DNA from the Marburg strain, respectively, This fact indicated that the transformation of antibiotic resistance markers is not restricted within a species but is possible between different species. These arguments strongly suggest that the two groups of B. subtilis should not be included in the same species but should be divided into two different ones. This conclusion is supported by the fact that, according to the recent edition (8th) of Bergey's Manual (11) , the separation of B. subtilis subsp. amyloliquefaciens from B. subtilis was adopted by the claim of Welker and Campbell (27, 28) , while further investigation of B. subtilis subsp. amyloliquefaciens to show how it differs from B. subtilis was requested.
These two groups of B. subtilis strains are not easily distinguished by the conventional taxonomic procedure. To distinguish them, Welker and Campbell (28) have proposed serological examination of a-amylase produced by these strains. However, there is some difficulty with that proposal, because we observed that some strains, even those classified in the group other than the Marburg strain, showed very low a-amylase activity. Since we also observed (unpublished data) that the other criterion, the growth responses in NaCl (10%) medium proposed by Welker and Campbell (27) , is not sufficient to classify both groups, the only effective way to distinguish these two groups at the present time might be the homology index by DNA-DNA hybridization and transformability of the auxotrophic markers.
The DNA homologies of 16 strains of B. licheniformis were estimated by using two strains as references. Though we observed some discrepancies with respect to the transformation of the Ery" marker between two strains tested, their DNA homologies ranged from 61 to 100%. These data suggest that there are no significant differences between the 16 strains of B. licheniformis and that they should be grouped into one species as in the conventional taxonomic classification according to Bergey 's Manual. Only one strain of B. pumilus was used in our study, but the description by Lovett and Young (16) showed that seven strains belonging to B. pumilus have 58 to 99% DNA homology to the reference strain, NRRL B-3275. This fact suggests that all the strains belong to one species, B. pumilus.
In conclusion, the DNA homology data so far tested with 52 strains in 8 species of Bacillus agree with the conventional taxonomic data, except for the occurrence of two groups in B. subtilis that should be divided into two different species. These data, however, could suggest phylogenic relationships among these species of Bacillus as summarized in a dendrogram (Fig.  5) . The DNA homology index between two HOMOLOGY ( X ) 1 19 50 species is represented by the branching point on the scale. Significant increases were observed in DNA homology indexes to the DNA of the Marburg strain by the secondary hybridization experiments in all the strains so far tested, including E. coli K-12. This fact strongly suggests that a specific stretch of DNA, probably coding for ribosomal RNA, transfer RNA, and ribosomal protein (8, 9) , might be distributed among the wide variety of Bacillus species. Transformation of the Ery and Str" markers to the Marburg strain was detected with DNA from strains showing 10% or higher DNA homology index to the DNA of the Marburg strain.
